ABSTRACT: In this paper a CFD trimming method was proposed and compared with wind tunnel experiment and blade element method. NASA's generic ROBIN helicopter model was adopted for transient simulations to get the final main rotor trimming condition. Totally three steps were applied to CFD method, one being no cyclic pitch motion, one being pure longitudinal cyclic pitch motion and the other one being pure lateral cyclic pitch motion. At the same time, a simple linear equation system between the roll and pitching moment was adopted to get the final longitudinal and lateral cyclic pitch angles for the main rotor through these three steps. An overset grid approach was used where the volume around each blade was modeled in an individual overset grid region. The rotor rotation was resolved with 3 degree per time-step. Turbulence was modeled with the well known SST K-omega model with 2nd order convection. The helicopter was in straight forward flight with an advance ratio of µ=0.151. Three sources of stick angles, which are also calling rotor trimming angles, were shown and compared with each other. And the corresponding results were also plotted with type of history plot in CFD condition. In the simulations the results became quasi periodic after about 1.5 rotations and 4 rotor rotations were simulated for each case. The pitch moment coefficient and roll moment coefficient were all trimmed to zero by CFD trimming method while moments were not be removed thoroughly in other two sources condition. So, it is concluded that CFD trimming method has an ability to trim helicopter main rotor in forward flight.
INTRODUCTION
Rotor flight experiments are extremely expensive and time consuming while the solutions found are often altered rather than optimized configurations. The wind tunnel or water tunnel methodology [1] sometimes can be more efficient for conventional problems such as fuselage drag reduction and local flow field detailed features but block effects or the spatial resolution of this method have been found difficult to test with sufficient confidence especially when in low speed interactional conditions. However, nowadays Computational Fluid Dynamics (CFD) is a versatile and powerful tool which is used extensively in aerodynamic applications, including fixed wing aircraft and rotor craft. It provides the numerical solutions to the governing Navier-Stokes Equations throughout the flow region. This method can simulate and analyze complex problems without losing the integrity of the issue due to simplified flow models. Numerous CFD techniques were applied for calculating the aerodynamics loadings acting on the helicopter blades and fuselage, and simulating flow over the entire helicopter rotors and so on. During 1970s and 1980's, the development of methods was accelerated by modern CFD techniques and computer science. Caradonna and Isom [2] applied the transonic small disturbance theory to lifting rotors. Chang [3] modified the full potential flow solver FLO22 for isolated wings to model rotors. The WIND code developed by NASA Glenn Research Center was used on simulating the turbulent flow past the ROBIN helicopter with four-bladed rotor [4] .
However, in many cases, numerical results calculated by CFD method must be first compared with real tests, such as wind tunnel or real flight tests. So the operating conditions used in the CFD method must be same as the corresponding real experiment test, including rotation rate, advance ratio, rotor thrust coefficient, rotor shaft angle, collective pitch angle, lateral cyclic pitch angle and longitudinal cyclic pitch angle. These operating inputs for CFD method are exceedingly important especially for forward flight condition. Some well-known rotor test-reports [5] always publicly provided detailed parameters or configurations for deeper researches of other scientists in this community. However, other test-reports did not mention some critical configurations they used in their experimental setup for the reason of technology secret. Without knowing these inputs, an alternative method needs to be used.
This one is a new trim approach, which is the highlight of this paper using pure CFD method to trim main helicopter rotor. This method is to examine how the main-rotor would react if a pure cyclic pitch is inserted to the CFD model. This comes down to three separate analyses. The first has a pure longitudinal cyclic motion and the second has a pure lateral cyclic motion. The third simulation uses a combination of the lateral and longitudinal angles, and by using the results from the simulations with pure motions, the cyclic pitch angles are calculated. In this paper, using the standard k ε − turbulent flow model, the ROBIN helicopter with four-bladed rotor [5] will be simulated using overset mesh flow solver [6] in CFD trimming method to get final total cyclic pitch angles in a forward flight condition, comparing with results got from blade element method and test report.
METHODOLOGY
CFD trimming method has its own advantages. This method can catch very detailed interactions between blades and shedding blade-tip vortexes near the local flow field. Unlike the blade element method, the forces and moments are calculated using governing Navier-Stokes Equations throughout the flow region. With proper turbulent flow model and numerical strategies, CFD trimming method can better close to the real conditions with net zero roll and pitch moments in forward flight.
The rotor model and CFD setup
The helicopter model is adopted from NASA's well-known wind tunnel experiments on ROBIN. The model consists of a four-bladed driven rotor [5] . In the CFD simulation only four blades are modeled without the drive shaft and link rods in the root of blade. The blades have a NACA0012 profile with -8 deg linear twist. And this helicopter model includes a ROBIN fuselage, no including a tail rotor
In this analysis, overset grid method is used to model the motion of the rotor, including the main rotor rotation and the cyclic blade pitching. Blade flapping and lead-lag can be neglected as the rotational speed is relatively high at 2000 rpm and centrifugal forces are expected to be dominant in the experiment. Figure 1 illustrates the overset grid motion modeling approach employed in this study. The overset mesh method uses 5 grid regions. And the brick-red area is the stationary external air around the ROBIN fuselage. The structured background mesh that encloses the entire volume in the background meshes including the fuselage body as well as the farfield. Each rotor blade is surrounded by its own overset mesh region in the shape of a cylinder (as shown in Fig.1 (B) ). In this figure, The size of the domain is the same with the test section used in the wind tunnel [7] . The sidewalls are treated with the symmetry boundary condition in the CFD simulations, thus it can be assumed there is no effect from the sidewalls.
Steps to trim using CFD method in forward flight condition
In this paper, CFD trimming method totally consists of three steps to get the final cyclic pitch angles, including 1c A and 1s B . The ROBIN helicopter with four-bladed rotor [5] is simulated as an example of whether this method is validity. In this wind tunnel test report, very detailed experimental setups were clearly presented with type of table format. In all three steps, only one flight condition is chosen as a standard procedure to show how to trim main rotor in forward flight using CFD method. This one condition is shown in below Three steps are as follows:
Step 1: Forward Flight Without Cyclic Pitch
In this step, a freestream flow is introduced to the simulation region and is chosen so that the advance ratio is set to 0.151 µ =
. And this case is examined as shown in table 1. As opposed to a real flight case, the rotor would need to alter the collective pitch cyclically to produce a thrust vector forwards. But for this simulation with no cyclic pitch added, it does indeed affect the pitching and roll moments of the main rotor. In this step, two additional monitors, Step Step 4: Getting the Final Trim Calculated 1c
A , 1s B The approach is to examine how the main rotor would react if a pure cyclic pitch is inserted to the model, as conducted in step 2 and 3. So the final step uses a combination of the lateral and longitudinal angles. And using the results from the simulations with pure motions, the cyclic pitch angle 1c A and 1s B are then calculated. Using a simple linear equation system between the roll and pitching moment the equation is expressed as shown in Eq.3 and Eq.4: 
RESULTS AND DISCUSSION
This section mainly describes the different results got from three methods, which are wind tunnel test report, blade element method and CFD trimming method. And some comparisons are also included to show whether rotor really be trimmed before using CFD in further research.
CFD trimming results
As mentioned in chapter 2.2, four steps were to get the final cyclic pitch angles in CFD trimming method. To reduce computation time, every step CFD simulation was run for about 4 rotations. After approximately 1.5 rotations, the flow becomes quasi-steady, however the simulations were run further until the initial disturbances had travelled far enough downstream and the flow was settled.
As shown in Table 2 , two monitor results are all got in three base CFD simulations. During the whole simulation, prediction plots indicate that the results have some disturbances. And all these results are managed with simple moving average tool to smoothen out.
With methods proposed in step 4, two monitor results in three situations are substituted in Eq.5-8 to compute Table 3 . In blade element method, the initial stick angles are got from the corresponding test report. And rotor thrust and moment are the aims of this trimming method, and details of this process were not included in this paper. However, only moment trimming is considered in CFD method, including pitch-and roll-moment. And the collective pitch angle was set same with that in test report. In Table 3 , it is clearly to see that the lateral and longitudinal cyclic pitch angles using CFD method are different with that in test report. If angles from test report are directly set in CFD simulation for further research, some problems may occur for the un-trimming rotor situation. Some of which can be seen in the following chapters. 
Comparisons of three methods
The convergence history for the simulations can be found in figure 3 to 5. The number of datapoints included for the SMA were 30 points. Figure 3 shows plots of the pitch moment coefficient m C during the 4 rotor rotations. After around 1.5 rotations the moment becomes periodic with a peak in moment every 90 degrees due to the blade passage. It is clearly to see that the CFD method plot, with blue color, is very close to zero with periodic fluctuations. It can also be seen through the cossponding SMA plot in this figure. That is to say, with these final cyclic pitch angles using CFD trimming method, the main rotor is already trimmed in longitudinal direction. However, the pink plot with cyclic pitch angles got directly from test report is slightly above the zero. It means, in fact, rotor does not be trimed in this situation, which can also be seen in figure 4 . The reason is that the cyclic pitch angles were got directly from real test report. Some geometry parts of the rotor rotating in real wind tunnel were omitted to make rotor easily simulated in CFD. So a set of angles of trimming rotor in real wind tunnel may not fit to the same case in CFD simulations, especially for forward flight condition. With Eq.3 and Eq. 4 figure 3 and figure   4 . However, in figure 5 , all plots did not reach to the experimental thrust coefficient value 0.01285
One reason is that CFD method only trimmed rotor moment, while the collective pitch angle remained to be the same value during the whole trimming process. The other reason may be related with correction of thrust coefficient defined in CFD method. 
CONCLUSIONS
A CFD trimming method to helicopter main rotor in forward flight condition has been carried out with comparisons with other methods, one being blade element method and the other being test report. Three steps to get the final cyclic pitch angles are included. This CFD method is to examine how the main rotor would react if a pure cyclic pitch was inserted to the rotor model. All these are recorded in the convergence history plots and it shows this CFD method has an ability to deliver real main-rotor trimming in CFD simulation for further research. However, the main-rotor thrust trimming was not conducted in this paper, so the thrust coefficient plot did not reach to the value of the corresponding wind tunnel experiment. To get the complete rotor trimming, it can also be finished by the similar method to the rotor thrust, if need be.
